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USE OF NANO PART I CLE S WITH A METAL CORE AND AN ORGANIC 
DOUBLE COATING AS CATALYSTS, AND NANO PART I CLE S THAT ARE 

USEFUL AS CATALYSTS 



DESCRIPTION 



TECHNICAL FIELD 

The present invention relates to the use of 
nanoparticles with a metal core, more specifically 
10 based on a, platinoid or an alloy of a platinoid, and an 
organic double coating, as catalysts. 

The invention also relates to nanoparticles 

thus made. 

The nanoparticles towards which the present 

15 invention is directed combine noteworthy catalytic and 
especially electrocatalytic properties with very 
satisfactory properties of dispersibility and stability 
in liquid medium. 

They are therefore able to- be used in any 

20 field in which catalytic processes and in particular 
electrocatalytic processes are involved, and especially 
in devices for producing electrical energy, for 
instance fuel cells. 

Moreover, insofar as it is also possible to 

25 add, to the catalytic properties of these 
nanoparticles, properties of specific recognition with 
respect to chemical or biological species, they are 
also able to be used in devices for detecting or 
assaying chemical or biological species such as sensors 

30 or multisensors, in which the transduction and the 
specific interaction between the said species and the 
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nanoparticles uses the catalytic properties of these 
particles. 

PRIOR ART 

5 In devices of fuel cell type, platinum, the 

other platinoids and alloys thereof are used, 
essentially in very finely divided form 
(nanoparticles), as anodic and cathodic catalysts, i.e. 
for accelerating hydrogen dissociation reactions at the 

10 anode and oxygen reduction reactions at the cathode. 

Given their rarity and their cost, it is 
very important to optimize the functioning of catalysts 
of this type and to ensure that the largest possible 
proportion of the nanoparticles introduced into the 

15 devices are indeed participating in the 

electrocatalytic processes. 

Added to these constraints is another that 
lies in the fact that the optimum functioning of the 
catalyst should be sufficiently durable for the device 

20 to have a sufficient service life. Specifically, in the 
course of functioning of the device, the nanoparticles 
that perform the electrocatalysis undergo migration and 
growth by coalescence, which are reflected by a gradual 
change in these nanoparticles and, as a result, a 

25 reduction in their initial catalytic performance 
qualities. These recurrent problems lead, in practice, 
to the introduction of large amounts of platinum into 
the devices. 

The development of mineral nanoparticles 
30 coated with an organic component is extensively covered 
in the literature. Many publications in which mineral 
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nanoparticles consisting of noble or non-noble metals, 
metal oxides or sulfides are stabilized with organic 
coatings to facilitate their handling in liquid medium 
are noted, in particular in the last ten years. Whereas 
5 the coatings initially proposed were formed from 
polymers or surfactants, they now increasingly consist 
of molecules that have a chemical function (acid, 
thiol, phosphate, isocyanate, etc.) allowing their 
attachment to the surface of the nanoparticles. 

10 When it is a matter of exploiting the 

catalytic properties of metal nanoparticles, which have 
as their site the metal surface of these nanoparticles, 
the approach consisting in optimally coating them to 
give them long-lasting stability and to be able to 

15 handle them easily in liquid medium appears in 
principle to those skilled in the art to be in 
contradiction with the maintenance of availability of 
the metal surface of these nanoparticles that is the 
most favourable possible towards the electrocatalytic 

20 process that it is desired to exploit. 

This is undoubtedly the reason why the 
organic coatings conventionally proposed to date for 
stabilizing metal nanoparticles intended to serve as 
catalysts are polymers that stabilize these 

25 nanoparticles essentially by means of steric effects, 
for instance polyvinyl alcohol, polyacrylic acid and 
poly (n-vinylpyrrolidone) . The chemical bonds that 
attach these polymers to the metal surface of the 
nanoparticles are neither numerous nor very strong, and 

30 as such they can be destroyed by the media suitable for 
the expression of electrochemical phenomena and which 
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are characterized by very acidic pH values or, on the 
contrary, very basic pH values and by high ionic 
strengths. Such destruction is quite obviously 
reflected by the loss of the initially desired 
5 stabilizing effect. 

Organic coatings consisting of ionic or 
neutral surfactants are also known. The surfactant 
molecules must be long enough to have a stabilizing 
effect and contain chains of methylene groups (-CH2)n 

10 that are in principle poorly suited to the transfer of 
electronic or ionic charges involved in 

electrocatalytic processes. Furthermore, in this case 
also, the chemical bonds that attach the surfactant 
molecules to the metal surface of the nanoparticles are 

15 relatively weak and thus sensitive to the particular pH 
and ionic strength conditions of the media used in 
electrochemistry. 

Moreover, certain authors have recommended 
the use of stabilizing polymers or copolymers 

2 0 comprising chemical groups capable of improving the 
transfer of charges or mass involved in 
electrocatalytic processes, and especially for 
applications to fuel cells. Thus, for example, 
US patent 6 462 095 [1] describes platinum 

25 nanoparticles stabilized with a cation-exchange polymer 
or copolymer of the sulfonated polyaryl ether ketone, 
sulfonated polyether sulfone, sulfonated poly(acrylo- 

nitrile/butadiene/styrene) or poly (a, (3, y-trif luoro- 
styrene/sulf onic acid) type. 
30 Finally, still in the context of 

electrocatalysis, stabilizing molecules capable of 
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forming strong interactions with the metal surface of 
nanoparticles have been proposed. This is a case of 
molecules bearing thiol functions that establish ionic- 
covalent bonds with many metals. Interactions of this 
5 type lead to high degrees of coverage of the 
nanoparticles, which leaves little metal surface 
available for electrocatalytic processes. Thus, for 
example, the gold nanoparticles stabilized with 
alkylthiolates described by Maye et al. in Langmuir, 

10 2000, 16, 7520-7523, [2], and by Lou et al. in Chem. 
Commun., 2001, 473-474, [3], show electrochemical 
activity only after an activation treatment. This 
activation treatment, which is performed under 
conditions of strong electrochemical oxidation, 

15 imposes, firstly, the removal of the organic 
stabilizing coating and, secondly, a change in the 
characteristics of the metal surface of the nano- 
particles, as reported by Luo et al. in Catalysis 
Today, 2000, 2790 , 1-12, [4], which may prove to be 

20 problematic under the conditions of use- of these 
nanoparticles as catalysts in a device. Specifically, 
as regards, for example, the removal of the organic 
stabilizing coating, there is a serious risk of this 
removal leading to phenomena of migration of the 

25 nanoparticles, which would be ' of a nature to reduce 
their catalytic performance qualities - over time and 
furthermore to make them difficult to recover during 
the phase of recycling of the device at the end of its 
service life. 

30 The problem consequently arises of 

providing catalysts consisting of nanoparticles based 



B 14318.3 SL 



on platinum, another platinoid or an alloy thereof, 
which, while having optimum catalytic properties, are 
readily dispersible and stable in liquid medium, in a 
long-lasting manner and such that, firstly, they are 
5 easy to handle once in suspension, and, secondly, the 
durability of their catalytic performance qualities is 
ensured. 

In the French patent application published 
under the number 2 783 051 [5] , a team of research 

10 scientists including one of the inventors of the 
present invention described the use of nanoparticles 
consisting of a metal core, which may especially be 
platinum, of a first crown formed from organic 
molecules attached to this core and of a second crown 

15 formed from organic molecules, different from the 
preceding molecules and grafted onto the molecules of 
the first crown, in the form of thin films for the 
detection of chemical species., and also chemical 
sensors including such films as sensitive layers. In 

20 the said patent application, the second organic crown 
of the nanoparticles ensures the selective interaction 
properties of the thin films with the chemical species 
to be detected; the metal core of the nanoparticles 
allows the possibility of measuring a variation in 

25 electrical conductivity of the thin films, whereas the 
first organic crown serves essentially to attach the 
second organic crown to the said metal core. 

Now, in the context of their studies, the 
inventors have found that, against all expectation, 

30 nanoparticles comprising, like those described in 
reference [5] , a platinum core and an organic double 
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coating, have noteworthy catalytic properties, and in 
particular electrocatalytic properties, without it 
being necessary to subject them to any activation 
treatment. The inventors have also found that these 
5 nanoparticles have very satisfactory properties in 
terms of dispersibility , stability in liquid medium and 
resistance to the very acidic or very basic media and 
media with high ionic strengths conventionally used in 
the field of electrochemistry. 
10 This finding forms the basis of the present 

invention . 



DESCRIPTION OF THE INVENTION 

A subject of the invention is thus, 
15 firstly, the use of nanoparticles comprising: 

- a metal core containing at least one platinoid 
or an alloy of a platinoid, 

a first organic coating formed from molecules 
attached to the surface of the metal core, and 
20 - a second organic coating formed from molecules 

different from the molecules of the first organic 
coating, and which are grafted onto molecules of the 
first organic coating, 
as catalysts. 

25 In the text hereinabove and hereinbelow, 

the term "platinoid" means a metal chosen from 
platinum, iridium, palladium, ruthenium and osmium, and 
the term "alloy of a platinoid" means an alloy 
comprising at least one platinoid, this alloy possibly 

30 being natural, for instance osmiridium (natural alloy 
of iridium and osmium) or unnatural, for instance an 
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alloy of platinum and iron, of platinum and cobalt or 
of platinum and nickel. 

Preferably, the metal core of the 
nanoparticles consists of platinum or a platinum alloy 
5 or a mixture of the two. 

In the use in accordance with the 
invention, the molecules of the first organic coating 
serve mainly to allow the grafting of the molecules of 
the second organic coating, whereas the molecules of 

10 the second organic coating provide a significant 
improvement in the stability of the nanoparticles in 
suspension in a liquid medium, the two coatings needing 
to allow the phenomena of transportation of charges and 
of matter and also the accessibility of the surface of 

15 the metal core, required for the expression of the 
catalytic properties of the nanoparticles. 

In accordance with the invention, the 
molecules of the first organic .coating are preferably 
attached to the surface of the metal core via a 

20 chemical bond of strong covalent nature, i.e. a 
covalent or ionic-covalent bond. 

As a result, according to a first preferred 
arrangement of the invention, the molecules of the 
first organic coating, which are preferably identical 

25 to each other for the same particle, are residues of at 
least difunctional compounds, i.e. of compounds that 
contain at least two free chemical functions: a first 
function referred to hereinbelow as "function Fl" 
capable of forming a chemical bond of strong covalent 

30 nature with the surface of the metal core to allow 
their attachment to this surface, and a second function 
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referred to hereinbelow as "function F2" capable of 
reacting with at least one function borne by the 
compounds chosen to form the molecules of the second 
organic coating to allow them to be grafted with the 
5 said molecules. 

In corollary, the molecules of the second 
organic coating, which are also preferably identical to 
each other for the same particle, are residues of 
compounds that comprise at least one free chemical 

10 function referred to hereinbelow as "function F3" , 
which is capable of reacting with the function F2 of 
the abovementioned difunctional compound. 

- In the text hereinabove and hereinbelow, 

the term "residues of compounds'' means the part of 

15 these compounds that remains on the nanoparticles when 
they are: 

either attached to the surface of the metal 
core and, optionally, grafted with a molecule of the 
second organic coating, if they are residues forming 

20 the first organic coating; 

• or grafted onto a molecule of the first organic 
coating, if they are residues forming the second 
organic coating. 

In accordance with the invention, the 

25 formation of a covalent or ionic-covalent chemical bond 
between the function Fl of the at least difunctional 
compounds chosen to form the molecules of the first 
organic coating and the surface of the metal core may 
be obtained via any of the processes used in the prior 

30 art for establishing bonds of this type between an 
organic compound and a metal. 
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Thus, for example, it may be obtained by 
synthesizing the nanoparticles via reduction of a metal 
salt corresponding to the metal needing to constitute 
the core by means of the said at least difunctional 
5 compounds. As a variant, it may also be obtained by 
replacing, on nanoparticles formed from a metal core 
coated with a labile compound, this compound with the 
at least difunctional compounds. 

The reaction between the function F2 of the 

10 at least difunctional compounds and the function F3 of 
the compounds chosen to form the molecules of the 
second organic coating - which will be denoted for 
simplicity hereinbelow as the "grafting reaction" - may 
itself be any organic chemistry reaction that allows 

15 two organic compounds to be bonded together, via any 
type of bonding, preferentially covalent bonding, by 
means of their respective chemical functions. 

According to another preferred arrangement 
of the invention, the molecules of the first organic 

20 coating of the nanoparticles are capable of degrading 
at the surface of the. metal core when they are not 
grafted with molecules of the second organic coating. 
This degradability either may be spontaneous, i.e. 
intrinsically associated with the nature of the 

25 molecules used, or may result from a treatment of the 
nanoparticles, for example using a suitable reagent, it 
being understood that this treatment should not result 
in degradation of the molecules forming the second 
organic coating. 

30 4-Mercaptoaniline, which simultaneously has 

the property of being difunctional, since it comprises 
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a thiol function and an amine function in the para 
position of a phenyl group, and that of degrading 
spontaneously, represents an example of a compound that 
is particularly suitable for preparing the first 
organic coating. 

According to yet another preferred 
arrangement of the invention, the molecules of the 
second organic coating are grafted onto the molecules 
of the first organic coating via a grafting reaction 
after which the degree of grafting of the said 
molecules of the first organic coating, i.e. the 
proportion of these molecules onto which are grafted 
the molecules of the second organic coating, is less 
than 100%. As a result, the nanoparticles obtained 
after the grafting reaction have a first organic 
coating in which certain molecules are not grafted with 
molecules of the second organic coating. 

This is illustrated in Figure 1, which 
schematically shows a nanoparticle before and after a 
grafting reaction performed in accordance with the 
invention, and in which: 

• each F1-F2 represents a molecule of the first 
organic coating not grafted with a molecule of the 
second organic coating; 

• F3-D represents a compound chosen to form the 
molecules of the second organic coating; whereas 

each Fl-D represents a molecule of the first 
organic coating grafted with a molecule of the second 
organic coating. 

This last preferred arrangement would make 
it possible, in conjunction with the use of compounds 
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capable of spontaneous or induced degradation to form 
the first organic coating, to ensure accessibility of 
the surface of the metal core of the nanoparticles.. 
Specifically, degradation of the molecules of the first 
5 organic coating, which have not been grafted with 
molecules of the second organic coating during the 
grafting reaction, should rapidly lead to the removal 
of these molecules from the surface of the metal core 
and, as a result, to the release of the zones 
10 previously occupied thereby, which would thus become 
accessible . 

In accordance with the invention, the 
degree of grafting of the molecules of the first 
organic coating may be modified by varying the 

15 respective amounts of nanoparticles and of compounds 
chosen to form the molecules of the second organic 
coating that are reacted during the grafting reaction. 

However, this way of proceeding is not the 
way preferred in the context of the present invention 

20 since it entails the risk of excessively partial 
grafting of the nanoparticles, which is in turn liable 
to lead, taking into account the degradation of the 
molecules of the first organic coating, to insufficient 
or even no dispersibility of the nanoparticles in 

25 liquid medium and to instability of the suspensions 
prepared with these nanoparticles. 

Thus, according to the invention, it is 
preferred to modify this degree of grafting by varying 
the geometrical characteristics of the compounds chosen 

30 to form the molecules of the second organic coating, 
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and especially by varying the steric hindrance 
generated by these molecules. 

According to yet another preferred 
arrangement of the invention, the molecules of the 
5 second organic coating are the residues of compounds 
which, while possibly being of very varied nature 
(oligomers, polymers, etc.), are capable of: 

• giving the nanoparticles- properties of 
dispersibility, stability in liquid medium and 

10 resistance to the media conventionally used in the 
field of electrochemistry, and doing so in a long- 
lasting manner to avoid any phenomenon of aggregation 
and migration of these nanoparticles in the short, 
medium or long term, especially when they are involved 

15 in electrochemical processes; 

• preserving the accessibility of the surface of 
the core of the nanoparticles; 

dispensing with a treatment for preactivation 
of the nanoparticles; and optionally 
20 • optimizing the transfer of charges (electronic 

and ionic charges) and of mass, when the nanoparticles 
are intended to be used in applications involving such 
transfers (for example fuel cells) . 

In particular, these molecules are residues of 
25 compounds that have one or more of the following 
properties : 

1. they are capable of preserving the electron 
transfers from one nanoparticle to another. To do this, 
these compounds must have the smallest possible number 
30 of saturated C-C bonds, since these are unfavourable to 
electron transfers, and must avoid leading to an 
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excessively large increase in the thickness formed by 
the two organic coatings, since the probability of 
electron transfer decreases rapidly as the distance 
increases. In this regard, it is preferable for the 
5 thickness formed by the two organic coatings not to 
exceed about ten nanometres. As examples of compounds 
capable of preserving electron transfers, mention may 
be made of polycyclic compounds, and especially 
polycyclic anhydrides, for instance tetraphenylphthalic 
10 anhydride, diphenic anhydride or diphenylmaleic 
anhydride. 

2. they should have structural characteristics 
that allow a minimum degree of grafting to be obtained 
while at the same time giving the nanoparticles 

15 satisfactory properties in terms of dispersibility and 
stability in liquid medium. These compounds may 
especially be small compounds that have a certain level 
of rigidity by means of the presence of aromatic rings 
and in which the function F3 is positioned such that 

20 the major axis of the molecules of the second organic 
coating, once grafted onto the molecules of the first 
coating, is oriented perpendicularly rather than 
parallel to the axis of the covalent bond formed 
between the said function F3 and the function F2 of the 

25 molecules of the first organic coating. Examples of 
such compounds are poly-para-phenylenes substituted 
with at least one function to graft them onto the 
molecules of the first organic coating. 

3. they comprise one or more ionizable functional 
30 groups capable of relaying and thus of permitting the 

transfer of ionic species. Such compounds are, for 
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example, cyclic anhydrides, for instance glutaric 
anhydride, which may optionally be perf luorinated 
beforehand to exacerbate the ionizable nature of the 
said functional group (s). 
5 4. they have inherent characteristics that are 

favourable, in terms of chemical affinity, towards 
promoting the combination of the nanoparticles with a 
particular support, chosen as a function of the use for 
which they are intended. Thus, for example, these 

10 compounds may be more or less hydrophilic or 
hydrophobic depending on whether the support will 
itself be hydrophilic or hydrophobic, or may comprise a 
polymerizable or copolymerizable species, for instance 
a thiophene or a pyrrole. 

15 5. they show properties of specific recognition 

towards one or more chemical or biological species 
(amino acid, protein, sugar, DNA or RNA fragment, etc.) 
when the nanoparticles are intended to be used in 
detection and assaying systems, and especially in 

20 sensors or multisensors . 

Preferably, the molecules of the second 
organic coating are residues of compounds chosen from 
thiophenes comprising at least one function for 
grafting them onto the molecules of the first organic 

25 coating, and monocyclic or polycyclic anhydrides. 

In a particularly preferred manner, the 
molecules forming the second organic coating are 
residues of compounds chosen from thiophene acid 
chloride, glutaric anhydride, sulfobenzoic anhydride, 

30 diphenic anhydride, tetraf luorophthalic anhydride, 
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tetraphenylphthalic anhydride and diphenylmaleic 
anhydride . 

According to yet another preferred 
arrangement of the invention, the nanoparticles are 
5 from about 1.5 to 10 nm in diameter and preferably from 
about 1.5 to 5 nm in diameter. 

Given their dispersibility and stability 
properties in liquid medium, the nanoparticles that are 
useful according to the invention may be stored before 

10 use and/or may be used in suspension in a solvent 
suitably chosen as a function of the degree of polarity 
of the molecules forming the second organic coating. 
The solvent used for this purpose is generally a polar 
aprotic solvent such as dimethyl sulfoxide, dimethyl- 

15 formamide or dimethylacetamide, but it may also be an 
apolar solvent such as chloroform or dichloromethane, 
if it is found that the nanoparticles are not 
dispersible in a polar aprotic solvent. 

In particular, the nanoparticles may be 

20 stored before use in the form of suspensions, with 
concentrations of about from 0.3 to 1 mg/ml, which are 
then diluted as a function of the use for which these 
nanoparticles are intended. 

Using these suspensions, it is possible to 

2 5 prepare thin films , formed from one or more layers of 
nanoparticles, by deposition on supports of very varied 
nature and characteristics. Specifically, these 
supports may be electrical insulators, ionic 
conductors, conductors or semiconductors; they may 

30 consist of a wide variety of materials (metal, glass, 
carbon, plastic, textile, etc.) and may be either in 
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finely divided form or in bulk form. In addition, they 
may be equipped with electrodes. 

These thin films may be prepared via any 
technique known to those skilled in the art for the 
5 manufacture of such films, .for instance the Langmuir- 
Blodgett technique, the sequential deposition of self- 
assembled layers, spontaneous adsorption by chemical or 
electrochemical grafting, spin coating, deposition by 
surface impregnation, electrodeposition or electro- 
10 grafting, the mechanism of which has been described by 
Bureau et al. in Macromolecules , 1997, 30, 333 [6] and 
in Journal of Adhesion, 1996, 58_, 101 [7] and also by 
Bureau and Delhalle in Journal of Surface Analysis, 
1999, 6(2), 159 [8] . 

15 The Langmuir-Blodgett technique, which has 

been widely described in the literature, is, for 
example, well suited to the deposition of 
nanoparticles, monolayer by monolayer, onto rigid 
supports, whereas surface impregnation is more suited, 

20 for example, to the deposition of nanoparticles onto 
flexible supports such as textile supports. 

For the purposes of the present invention, 
the term "monolayer" means a layer whose thickness does 
not exceed the diameter of a nanoparticle when it is 

25 likened to a sphere. 

The flexibility afforded by the approach 
used according to the invention, which consists in 
grafting a second organic coating, the characteristics 
of which such as the density and the polarity may be 
30 controlled, makes it possible to promote the 
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combination of the nanoparticles with a support having 
particular surface characteristics . 

Thus, combining the nanoparticles with 
carbon nanotubes appears to be of most particular 
5 interest in certain electrochemical applications such 
as the production of electrical energy in fuel cells. 
The reason for this is that coating carbon nanotubes, 
which are hydrophobic or which have been rendered 
hydrophilic, with nanoparticles should allow the 

10 functioning of cells of this type to be considerably 
improved by intimately assembling, at the nanometric 
scale, an electron conductor and a catalyst. 

The nanoparticles as described above have 
many advantages as catalysts. 

15 Specifically, although these nanoparticles 

have an organic double coating, they reveal highly 
advantageous catalytic properties and in particular 
show very high electrocatalytic activity towards the 
reduction of oxygen and the oxidation of hydrogen. 

20 This is likewise the case for materials 

prepared using these nanoparticles. Thus, for example, 
the bulk activities measured for monolayers of 
nanoparticles in accordance with the invention 
according to the same methodology and under the same 

25 experimental conditions as those described by Genies 
et al. in Electrochimica Acta, 1998, 4_4, 1317-1327 [9], 
may be up to 500 A/g of platinum, i.e. a value 5 times 
greater than the best results obtained (89.6 A/g of 
platinum) for a powder formed from platinum dispersed 

30 on carbon and introduced into polytetraf luoroethylene 
t9] . 
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Another advantage of the nanoparticles lies 
in the fact that, if the molecules forming their second 
organic coating are suitably selected, their catalytic 
properties are presented without it being necessary to 
5 subject them beforehand to any activation treatment. In 
other words, they are immediately active. 

This being the case, when nanoparticles, 
although spontaneously active, appear not to have 
optimum performance qualities in acidic medium, it is 

10 found that it is possible to very significantly improve 
their performance qualities by subjecting them 
beforehand to a treatment in basic medium, which may 
especially consist in immersing the nanoparticles, 
which are optionally already in the form of a film, in 

15 a solution of a strong base such as a 1M sodium 
hydroxide solution for several minutes, or even for 
several tens of minutes. 

Moreover, the nanoparticles also prove to 
have noteworthy properties in terms of dispersibility, 

20 stability in liquid medium and resistance to very 
acidic or very basic media and media of high ionic 
strength . 

As a result, these nanoparticles are 
particularly easy to handle and, above all, their 
25 catalysis properties are very stable over time. Thus, 
the nanoparticles may be stored or used for several 
years in liquid media without any risk of degradation 
of their catalytic performance qualities. 

Furthermore, they offer the advantage of 
30 being able to be perfectly adapted to the use for which 
they are intended. Specifically, by suitably selecting 
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the compounds intended to form the two organic coatings 
of the nanoparticles, and in particular that intended 
to form the second organic coating, it is possible to 
modify and thus optimize some of their properties with 
5 a view to a particular use, for instance their capacity 
to preserve the transfer of electronic charges or of 
ionic species, their affinity towards a support, their 
aptitude towards electrodeposition or their ability to 
specifically recognize one or more chemical or 

10 biological species and to interact therewith. 

Finally, they have the additional advantage 
of being able to be manufactured via processes that are 
simple to perform, using standard techniques of organic 
chemistry, and at costs that are compatible .with 

15 industrial exploitation. 

Taking the foregoing arguments into 
account, the use of nanoparticles as electrocatalysts 
is of most particular interest in devices for producing 
electrical energy, and especially in fuel cells. 

20 A subject of the present invention is thus 

also a device for producing electrical energy, which 
comprises nanoparticles as defined above. 

In accordance with the invention, this 
device is preferably a fuel cell. 

25 The use of the nanoparticles as catalysts 

is also of great interest in the field of detecting and 
assaying chemical or biological species, especially in 
solution, and in particular in sensors or multisensors . 

In this case, the molecules forming the 

30 second organic coating are chosen so as to specifically 
recognize the chemical or biological species that is 
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(are) to be detected or assayed and to interact 
therewith . 

Either, the specific interaction between 
the molecules of the second organic coating and this or 
5 these species generates a secondary species towards 
which the nanoparticles have catalytic activity, for 
example H 2 0 2 or any other redox probe, in which case it 
is possible to measure, by applying a suitable 
potential, a current proportional to the amount of 
10 secondary species produced and, thereby, an electrical 
signal that reflects the degree of the specific 
interaction. 

Or, the specific interaction between the 
molecules forming the second organic coating and the 

15 said species does not generate a redox probe, in which 
case the said probe may be introduced into the medium 
containing the species that it is desired to detect or 
assay. The specific interaction between the molecules 
of the second organic coating and the said species is 

20 then reflected by a change in the current associated 
with the catalytic activity of the nanoparticles 
towards the redox probe thus introduced into the 
medium. 

Among the nanoparticles whose use as 
25 catalysts has been described hereinabove, some have 
already been described in the literature. Such is the 
case for nanoparticles with a platinum core, comprising 
a first organic coating formed from 4-mercaptoaniline 
residues and a second organic coating formed from 
30 thiophene acid chloride residues, which are known from 
reference [5] . 
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On the other hand, others have, to the 
Inventors' knowledge, never been proposed to date, for 
instance those whose second organic coating is formed 
from residues of monocyclic or polycyclic anhydride 
5 molecules. 

A subject of the invention is thus also a 
nanoparticle that comprises a metal core containing at 
least one platinoid or an alloy of a platinoid, a first 
organic coating formed from molecules attached to the 

10 surface of the metal core and a second organic coating 
formed from molecules different from the molecules 
forming the first organic coating, and which are 
grafted onto the molecules of the first organic 
coating, and in which the molecules forming the second 

15 organic coating are residues of a compound chosen from 
monocyclic and polycyclic anhydrides. 

According to one preferred arrangement of 
the invention, the molecules forming the second organic 
coating of this nanoparticle are residues of a compound 

20 chosen from glutaric anhydride, sulfobenzoic anhydride, 
diphenic anhydride, tetraf luorophthalic anhydride, 
tetraphenylphthalic anhydride and diphenylmaleic 
anhydride . 

According to another preferred embodiment 
25 of the invention, the metal core of this nanoparticle 
consists of platinum, a platinum alloy or a mixture of 
the two, whereas, according to yet another preferred 
arrangement of the invention, the molecules forming the 
first organic coating are 4-mercaptoaniline residues. 
30 Other characteristics and advantages of the 

invention will emerge more clearly on reading the rest 



B 14318.3 SL 



23 



of the description that follows, which relates to 
examples for the preparation of nanoparticles that are 
useful in accordance with the invention and for 
demonstration of their properties, and which refers to 
5 the attached drawings . 

Needless to say, these examples are given 
merely as illustrations of the subject of the invention 
and do not in any way constitute a limitation of this 
subj ect • 

10 For convenience, the term " functionalized 

nanoparticle" serves to denote hereinbelow a 
• nanoparticle - comprising, on the metal core, only a 
first organic coating, whereas the term "grafted 
nanoparticle" serves to denote a nanoparticle that 

15 additionally comprises a second organic coating 
following the grafting of molecules onto the molecules 
of the said first coating. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 Figure 1, which has already, been discussed, 

schematically shows a nanoparticle before and after a 

grafting reaction. 

Figures 2A, 2B, 2C, 2D, 2E, 2F and 2G 

schematically illustrate 7 different grafting reactions 
25 applied to nanoparticles with a platinum core 

functionalized with a first coating consisting of 

4-mercaptoaniline residues. 

Figure 3 is a photograph taken with a 

transmission electron microscope of a Langmuir film 
30 made using a two-year-old suspension of nanoparticles 
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grafted by means of the reaction illustrated in 
Figure 2A. 

Figure 4 shows the volt ammo grams obtained 
by cyclic voltammetry, in an acidic medium initially 
5 saturated with oxygen, for Langmuir-Blodgett films 
respectively composed of nanoparticles grafted by means 
of the reactions illustrated in Figures 2A and 2B. 

Figure 5 shows the voltammograms obtained 
by cyclic voltammetry, in a basic medium that is 
10 initially saturated with oxygen, for Langmuir-Blodgett 
films respectively composed of nanoparticles grafted by 
means of the reactions illustrated in Figures 2C and 
2D. 

Figure 6 shows the voltammogram obtained by 
■ 15 cyclic voltammetry, in an acidic medium initially 
saturated with hydrogen, for a Langmuir-Blodgett film 
composed of nanoparticles grafted by means of the 
reaction illustrated in Figure 2A. 

Figures 7A and 7B show the spectra obtained 

20 by X-ray induced photoelectron spectroscopy for a 
Langmuir-Blodgett film composed of nanoparticles 
grafted by means of the reaction illustrated in Figure 
2A, before and after applying to this film prolonged 
electrochemical cycles in acidic medium. 

25 Figure 8 shows the voltammograms obtained 

by cyclic voltammetry, in an acidic medium that is 
initially saturated with oxygen, for Langmuir-Blodgett 
films composed of nanoparticles grafted by means of the 
reaction illustrated in Figure 2F, with and without 

30 polarization of these films. 
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Figure 9 shows the volt ammo grams obtained 
by cyclic voltammetry, in an acidic medium initially 
saturated with oxygen, for Langmuir-Blodgett films 
respectively composed of nanoparticles grafted by means 
of the reactions illustrated in Figures 2F, 2A and 2G. 

Figure 10 shows the voltammograms obtained 
by cyclic voltammetry in basic medium and in acidic 
medium initially saturated* with oxygen, for Langmuir- 
Blodgett films composed of nanoparticles grafted by 
means of the reaction illustrated in Figure 2A, before 
and after treating these nanoparticles in basic medium, 
respectively. 

EXAMPLES 

Example 1 : Preparation of f unctionalized nanoparticles 

Nanoparticles comprising a platinum core 
and a first organic coating resulting from the 
attachment of 4-mercaptoaniline molecules to the core 
are prepared by following the procedure below. 

Three solutions, referred to hereinbelow as 
solution 1, solution 2 and solution 3, are first 
prepared. 

Solution 1 is obtained by dissolving 300 mg 
of platinum tetrachloride in 75 ml of hexylamine. It is 
orange-coloured. 

Solution 2 is obtained by dissolving 300 mg 
of sodium borohydride in 4 0 ml of a water /methanol 
mixture (50/50), followed, after total dissolution of 
the sodium borohydride, by addition of 20 ml of 
hexylamine . 
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Solution 3 is obtained by dissolving 330 mg 
of 4-mercaptoaniline disulfide in 30 ml of a methanol/ 
hexylamine mixture (50/50). 

At t = 0, solution 2 is mixed with 
5 solution 1 with vigorous stirring. The mixture turns 
dark brown within a few seconds. 

At t = 20-60 seconds, solution 3 is added 
to the above mixture, and at t = 250 seconds, 200 ml of 
water are introduced into the reaction medium. 
10 At t = 15 minutes, this reaction medium is 

transferred into a separating funnel. The organic phase 
is isolated and washed three times with 200 ml of pure 
water . 

The organic phase is then reduced on a 
15 rotavapor at a temperature of about 35 °C down to a 
volume of about 3 to 4 ml. It is then transferred into 
a centrifuge tube containing . 300 mg of 

4-mercaptoaniline disulfide dissolved in 15 ml of 
ethanol, and left stirring overnight before being 
20 centrifuged. The supernatant, which contains an excess 
of 4-mercaptoaniline disulfide, is removed and the 
black precipitate remaining at the bottom of the tube 
is washed with 30 ml of an ethanol/diethyl ether 
mixture (33/66 v/v) for 2 minutes and then centrifuged 
25 again. The supernatant is removed. The black 
precipitate is washed with diethyl ether and then dried 
for 10 to 15 minutes under a flow of nitrogen. The 
resulting powder has a mass proportion of 20% for the 
organic part and 80% for the platinum. 



30 
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Example 2 : Preparation of grafted nanoparticles 

Grafted nanoparticles are prepared by 
subjecting f unctionalized nanoparticles in accordance 
with Example 1 and freshly prepared (given the tendency 
5 of 4 -mercaptoaniline to degrade spontaneously) to one 
of the grafting reactions illustrated in Figures 2A to 

* ■ 

2G. 

These reactions are all performed in the 
presence of a large excess of compound to be grafted 

10 relative to the amount of amine functions borne by the 
f unctionalized nanoparticles. To do this, given that 
20% of the mass of the f unctionalized nanoparticles 
corresponds to the mercaptoaniline residues attached 
(in the form of thiolates) to the platinum core, and 

15 given that the mercaptoaniline has a molar mass of 
124 g, the number of moles of compound to be grafted 
that need to be used in order for there to be an excess 
thereof, for example of 5 to 10, relative to the number 
of moles of mercaptoaniline residues attached to the 

20 f unctionalized nanoparticles and, as a result, to the 
number of amine functions borne thereby, is calculated* 

The solvents are dried beforehand over 
molecular sieves and are used in volumes appropriate to 
obtain concentrations of f unctionalized nanoparticles 

2 5 of about from 4 to 10 mg per cm 3 . 

In general, the grafting reactions are 
performed as follows. To begin with, the f unctionalized 
nanoparticles are dispersed in a volume of a suitable 
solvent and the suspension obtained is stirred 

30 magnetically under nitrogen for about 15 minutes. The 
compound to be grafted is then introduced directly into 
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this suspension, optionally with a compound capable of 
trapping the by-products of the grafting reaction* 

The reaction medium is stirred for 12 hours 
under nitrogen and then transferred into a centrifuge 
5 tube to which is added a large excess of a solvent 
intended to cause the precipitation of the 
nanoparticles . Once this has been produced, the 
reaction medium is centrifuged and the supernatant, 
which usually contains a large proportion of the excess 
10 of grafting molecules used in the reaction, is 
discarded. 

The nanoparticle precipitate is then washed 
and centrifuged one to four times in a solvent capable 
of dissolving the molecules of the grafting compound 

15 which, although unreacted, are liable to remain with 
the nanoparticles, without, however, dispersing them. 
It is occasionally necessary to use a mixture of 
solvents to wash the precipitate or to redisperse the 
nanoparticles and to make them precipitate again. 

20 Finally, in certain cases, the solvent used for the 
reaction should be evaporated off under vacuum before 
washing the precipitate. 

The powder of grafted nanoparticles thus 
obtained is dried under vacuum or under nitrogen. It 

25 may then be used to prepare suspensions of grafted 
nanoparticles of desired concentrations, in general of 
from 0.3 to 2 mg/ml. The solvent used for this purpose 
is generally a polar aprotic solvent such as dimethyl 
sulfoxide (DMSO) , dimethylf ormamide (DMF) or 

30 dimethylacetamide (DMA), or an apolar solvent such as 
chloroform or dichloromethane, if the grafted 
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nanoparticles are not dispersible in polar aprotic 
solvents . 

More specifically, the grafting reactions 
illustrated in Figures 2A to 2G are performed using: 

5 

Grafting reaction of Figure 2A : 

Mass of f unctionalized nanoparticles: 25 mg 
Solvent: DMA: 5 ml 

Grafting compound: thiophene acid chloride: 2-6 \il 
10 (6-fold excess) 

Trapping of HC1: dimethylaminopyridine : 20 mg 
Precipitation/washing solvents : acetonitrile 

Grafting reaction of Figure 2B : 
15 Mass of f unctionalized nanoparticles: 18 mg 

Solvent: DMSO: 2 ml 

Grafting compound: glutaric anhydride: 45 mg 
(10-fold excess) 

Precipitation/washing solvents : acetonitrile 

20 

Grafting reaction of Figure 2C : 

Mass of f unctionalized nanoparticles: 10 mg 
Solvent: DMA: 2 ml 

Grafting compound: sulfobenzoic anhydride: 29 mg 
25 (10-fold excess) 

Evaporation of the DMA 
Washing solvents: acetonitrile 
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Grafting reaction of Figure 2D : 

Mass of f unctionalized nanoparticles : 9 mg 
Solvent: DMSO: 2 ml 

Grafting compound: tetraf luorophthalic anhydride: 
5 15 mg (6-fold excess) 

Precipitation solvent: water 
Washing solvent: acetone 

Grafting reaction of Figure 2E : 
10 Mass of f unctionalized nanoparticles: 18 mg 

Solvent: DMSO: 5 ml 

Grafting compound: bromobenzyloxycarbonyloxy- 
succinimide: 89 mg" (10-fold excess) 
Evaporation of the DMSO 
15 Washing solvent: acetonitrile 



Grafting reaction of Figure 2F : 

Mass of f unctionalized nanoparticles: 22 mg 
Solvent: DMSO: 4 ml 
20 Grafting compound: l-hexyl-4- (4-isothiocyanato- 

phenyl) bicyclo [2 . 2 . 2] octane: 100 mg 
(10-fold excess) 

Precipitation of the product in the reaction 
medium 

25 Washing solvents: DMSO/acetone 



Grafting reaction of Figure 2G : 

Mass of f unctionalized nanoparticles: 26 mg 
Solvent: DMSO: 5 ml 
30 Grafting compound: tetraphenylphthalic 

anhydride: 180 mg (6-fold excess) 
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Precipitation solvent: ethanol (4 ml ) /diethyl ether 
(20 ml) 

Redissolution in DMSO (4 ml) 

Reprecipitation in ethanol (4 ml) /diethyl ether 
(20 ml) 

Washing: diethyl ether. 

The grafted nanoparticles thus obtained are 
used in the examples that follow. 



10 Example 3: Stability over time of suspensions of 



The stability over time of suspensions of 
f unctionalized or grafted nanoparticles is determined 

15 by plotting the compression isotherms, recorded at 20°C 
and at the air-water interface of a Langmuir tank, of 
Langmuir films (floating monolayers) prepared from this 
suspension, immediately upon preparation (t = 0) , and 
then at various stages of its ageing. 

20 The . procedure for establishing these 

isotherms is standard. It consists in preparing, at 
different times t, a "spreading" suspension by adding 
1 ml of chloroform or dichloromethane to 0 . 5 ml of the 
suspension whose stability over time it is desired to 

25 check. Next, 1 . 2 ml of the spreading suspension is 
spread onto the surface of the water contained in a 
Langmuir tank measuring, for example, 45 cm in length 
by 6.5 cm in width. The nanoparticles are compressed 
laterally until a preselected surface pressure is 

30 reached, for example of 4 mN/m. The length of the film 
of nanoparticles thus obtained is measured and its 
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surface area is calculated by multiplying this length 
by the width of the tank. 

Given the mass concentration of 
nanoparticles of the spreading suspension, the area 
5 occupied on average by each mass unit of nanoparticles 
in the monolayer is determined. On the basis of an 
estimation of the molar mass of the particles, it is 
also possible to determine the area occupied on average 
by each nanoparticle . 

10 If the nanoparticle suspension is stable 

over time, in the sense that it is not the site of any 
aggregation of the nanoparticles, then an area per unit 
of mass of nanoparticles or per nanoparticle that is 
constant or substantially constant over time is found 

15 at the various times t, for the same amount of 
nanoparticles spread . 

In contrast, if the suspension is unstable, 
then the value of the area per unit of mass of 
nanoparticles or of the area per nanoparticle decreases 

20 over time, since an aggregate formed from several 
particles actually occupies a smaller surface area than 
that occupied by the same number of particles present 
in individualized form. 

Table 1 below shows, by way of example, the 

25 values of the area occupied on average by each 
nanoparticle in Langmuir films prepared from two 
suspensions of nanoparticles in DMSO, the first 
suspension consisting of f unctionalized nanoparticles 
prepared in accordance with Example 1, and the second 

30 suspension consisting of nanoparticles grafted by means 
of the reaction of Figure 2A, the values shown being 
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those at t = 0 and after 1 month (t = 1 month) and 
7 months (t = 7 months) of ageing of the said 
suspensions. 

5 TABLE 1 



Type of 
nanoparticles 


Area (A*) 
at t = 0 


Area (A 2 ) at 
t = 1 month 


Area (A z ) at 
t = 7 months 


Functional i zed 
particles 


680 


490 


0 


Grafted 
particles 


900 


1000 


950 



This table shows that the area per 
nanoparticle decreases very significantly as the 

10 suspension of f unctionalized nanoparticles ages, 
reflecting the existence of a phenomenon of aggregation 
of these nanoparticles, whereas it remains 
substantially constant in the case of the suspension of 
grafted nanoparticles . 

15 Moreover, Figure 3 is a photograph taken by 

transmission electron microscope of a Langmuir film 
made from a two-year-old suspension of nanoparticles 
grafted by means of the reaction illustrated in 
Figure 2A, and taken at the air/water interface of a 

20 Langmuir tank. This film was obtained by applying a 
surface pressure of 4 mN/m. 

Figure 3 shows the absence of nanoparticle 
aggregates in the film, thus confirming the long-term 
maintenance of stability of the suspension of grafted 

25 nanoparticles. 
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Example 4 : Electrochemical activity of grafted nano- 
particles with respect to the reduction of oxygen in 
acidic medium 

5 The electrochemical activity of grafted 

nanoparticles with respect to the reduction of oxygen 
in acidic medium is assessed by subjecting Langmuir- 
Blodgett films (monolayers on a support) - referred to 
hereinbelow as "LB films'' - composed of grafted 

10 nanoparticles to cyclic " voltammetry tests in 1M 
sulfuric acid solution. 

In practice, a spreading suspension is 
prepared by adding 0 . 5 ml of a suspension containing 
0.5 mg of grafted nanoparticles per ml of DMSO, 0.82 ml 

15 of dichloromethane or chloroform, and 0.18 ml of a 
5.4 x 10~ 4 M solution of behenic acid in chloroform, 
this acid being intended to facilitate the vertical 
transfer of the film of grafted nanoparticles onto the 
support . 

20 Next, 1 ml of the spreading suspension is 

spread onto the surface of the water contained in a 
Langmuir tank (45 cm x 6.5 cm) and a film is formed by 
lateral compression at a surface pressure of 28 mN/m. 
Under these conditions, the area occupied by the 

25 nanoparticles is about 50% of the total area of the 
film, the remainder being occupied by the behenic acid. 

The film is then transferred vertically 
onto a support, at 0.5 cm/minute, via the Langmuir- 
Blodgett technique, the support being equipped with a 

30 gold electrode. 
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The voltammetry tests are performed in a 
conventional manner on the LB films of grafted 
nanoparticles without prior electrochemical treatment 
of these films and after saturation with 0 2 of the acid 
5 solution. 

By way of example, Figure 4 shows the 
voltarnmograms, recorded at a sweep speed of . 20 mV/s, 
for two different films of grafted nanoparticles, 
composed, respectively, of nanoparticles grafted by 

10 means of the . reaction illustrated in Figure 2A 
(curve 1) and of nanoparticles grafted by means of the 
grafting reaction illustrated in Figure 2B (curve 2). 
In this figure, the potentials are expressed in mV 
relative to a standard hydrogen electrode (SHE) . 

15 Figure 4 shows that the electrochemical 

activities of the two types of grafted nanoparticle are 
extremely similar, the electrical current density of 
the reduction peak being, for both films, between 230 
and 240 pA/cm . The reduction process disappears when 

20 the acid solution is. deoxygenated with a stream of 
nitrogen. 



Example 5 : Electrochemical activity of grafted nano- 
particles with respect to the reduction of oxygen in 
2 5 basic medium 

The electrochemical activity of grafted 
nanoparticles with respect to -the reduction of oxygen 
in basic medium is assessed by subjecting LB films of 
grafted nanoparticles, prepared as described in 
30 Example 4, to cyclic voltammetry tests performed under 
the same conditions as those of Example 4, with the 
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exception that the solution used contains not sulfuric 
acid, but 1M sodium hydroxide. 

By way of example, Figure 5 shows the 
voltammograms, recorded at a sweep speed of 20 mV/s, 
5 for two different . films of grafted nanoparticles, 
composed, respectively, of nanoparticles grafted by 
means of the reaction illustrated in Figure 2C 
(curve 1) and of nanoparticles grafted by means of the 
reaction illustrated in Figure 2D (curve 2) . As 

10 previously, the potentials are expressed in this figure 
. in mV relative to a standard hydrogen electrode (SHE) . 
During the first cycles, the electrical current density 
of the reduction peak is similar to that observed in 
H2SO4 medium. When the experiment is continued, this 

15 electrical current density increases and then 
stabilizes at the values shown in Figure 5. 

In this case also, Figure 5 shows that the 
electrochemical activities of the two types of grafted 
nanoparticle are extremely similar, the electrical 

20 current density of the reduction peak being, for both 
•films, between 570 and 580 ]aA/cm 2 . Moreover, the 
reduction process disappears when the basic solution is 
deoxygenated with a stream of nitrogen. 

25 Example 6: Electrochemical activity of grafted nano- 
particles with respect to the oxidation of hydrogen in 
acidic medium 

The electrochemical activity of grafted 
nanoparticles with respect to the oxidation of hydrogen 
30 in acidic medium is assessed by subjecting LB films of 
grafted nanoparticles, prepared as described in 
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Example 4, to cyclic voltammetry tests performed under 
the same conditions as those of Example 4, with the 
exception that an acidic solution initially saturated 
with H 2 is used. 
5 By way of example, Figure 6 shows the 

voltammogram, recorded at a sweep speed of 20 mV/s, for 
a film composed of nanoparticles grafted by means of 
the reaction illustrated in Figure 2A. As previously, 
the potentials are expressed in this figure in mV 
10 relative to a standard hydrogen electrode (SHE) . 

Example 7: Stability of the electrochemical activity of 
grafted nanoparticles 

The stability of the electrochemical 
15 activity of grafted nanoparticles with respect to the 
reduction of oxygen in acidic and basic media is 
checked by subjecting LB films of grafted 
nanoparticles, prepared as described in Example 4, to 
voltammetry tests performed under the same conditions 
20 as those of Examples 4 and 5, but, firstly, by varying 
the age of the suspensions of grafted nanoparticles 
from which the films are made, and, secondly, by 
subjecting or not subjecting the said films to 
electrochemical cycles beforehand. 
25 These electrochemical cycles are performed 

at a speed of 50 mV/s under an oxygen atmosphere, 
between 800 and -50 mV/SHE in acidic medium (1M H 2 S0 4 ) 
and between 200 and -850 mV/SHE in basic medium 
(1M NaOH) . 

30 Table 2 below shows the electrical current 

densities recorded of the oxygen reduction peak, at a 
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sweep speed of 20 mV/s, for films of nanoparticles 
grafted by means of the reaction illustrated in 
Figure 2A. 

In this table, the electrical current 
5 densities given for sodium hydroxide are those observed 
after immersing the films in this medium for 30 minutes 
without polarization . 

TABLE 2 

10 



Age of the 
suspension 


Medium 


Electro- 
chemical 
treatment 


Electrical current density 
of the 0 2 reduction peak 

(|iA/cm 2 ) 


7 days 


1M NaOH 




578 


43 months 


1M NaOH 




570 


43 months 


1M NaOH 


350 cycles 


575 


25 months 


1M H 2 S0 4 




237 


25 months " 


1M H 2 S0 4 


100 cycles 


235 



Example 8: Stability in acidic medium of the second 
organic coating of grafted nanoparticles 

The stability in acidic medium of the 
15 second organic coating of grafted nanoparticles is 
assessed by subjecting LB films of grafted 
nanoparticles, prepared as described in Example 4, to 
prolonged electrochemical cycles, in 1M sulfuric acid 
solution, and by analysing these films by X-ray induced 
20 photoelectron spectroscopy before and after these 
cycles . 

In this experiment, the electrochemical 
cycles are performed at a speed of 50 mV/s under an 
oxygen atmosphere, and between 800 and -50 mV/SHE. 
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By way of example, Figures 7A and 7B show 
the spectra recorded for films of nanoparticles grafted 
by means of the reaction illustrated in Figure 2A. 
Figure 7A concerns the 4f electrons of platinum, while 
5 Figure 7B concerns the s2p electrons of sulfur. 

The shapes of the spectra obtained before 
(spectra 1 and 3) and after (spectra 2 and 4) the 
cycles, respectively, show remarkable similarity for 
each type of electron, which is evidence of the 
10 noteworthy stability of the second organic coating. 

For sulfur, the peak centred - at 163 eV 
corresponds to the second organic coating of the 
nanoparticles, while the peak centred at 169 eV 
corresponds to the sulfate ions inserted into the 
15 films. 

Moreover, the semi-quantitative analyses 
derived from these characterizations before and after 
treatment of the films in acidic medium made it 
possible to show that the ratio between the intensities 
20 of the platinum peaks and of the sulfur peaks of the - 
second organic coating do not change significantly 
(1.72 after the cycles versus 1.44 before the cycles), 
thus providing evidence of the noteworthy stability of 
the overall composition of the nanoparticles. 

25 

Example 9 : Importance of the characteristics of the 
molecules of the second organic coating on the 
electrochemical activity of grafted nanoparticles 

LB films of nanoparticles grafted by means 
30 of the reaction illustrated in Figure 2F, prepared as 
described in Example 4, are subjected to cyclic 
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voltammetry tests in acidic medium (1M H 2 S0 4 ) under the 
same conditions as those described in Example 4, with 
or without polarization of these films. 

The results are illustrated in Figure 8, 
5 which shows the voltammograms , recorded at a sweep 
speed of 20 mV/s, for an unpolarized film (curve 1), 
for films polarized for 30 seconds, at 1.95 V/SHE 
(curves 2 and 3) and for films polarized for 15 minutes 
at 1.95 V/SHE (curves 4 and 5). As previously, the 

10 potentials are expressed in this figure in mV relative 
to a standard hydrogen electrode (SHE) . 

This figure demonstrates the importance of 
the choice of the molecules forming the second organic 
coating of the nanoparticles on their catalytic 

15 activity. 

The reason for this is that, in the case of 
nanoparticles grafted by means of the reaction 
illustrated in Figure 2F, since the essential part of 
the molecules of the second organic coating consists of 

20 C-C bonds of sp 3 type, it opposes the expression of 
catalytic properties by the nanoparticles. These 
nanoparticles therefore show no electrochemical 
activity in the absence of a pretreatment , as evidenced 
by curve 1 of Figure 8, in contrast with the nano- 

25 • particles grafted by means of the reactions illustrated 
in Figures 2A to 2E (see especially Examples 4 to 6) . 

On the other hand, when the monolayers of 
nanoparticles grafted by means of the reaction 
illustrated in Figure 2F are subjected to high 

30 oxidation potentials, an electrochemical response 
appears, which is proportionately more pronounced the 
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longer the time for which the oxidation potential is 
applied, and which provides evidence of degradation of 
the molecules of the second organic coating of the 
nanoparticles by these oxidation potentials. 

5 

Example 10: Modulation of the electrochemical activity 
of grafted nanoparticles by means of the choice of the 
second organic coating 

LB films composed, respectively, of 

10 nanoparticles grafted by means of the reactions 
illustrated in Figures 2F, 2A and 2G, and prepared as 
described in Example 4, are subjected to cyclic 
voltammetry tests in acidic medium (1M H 2 S0 4 ) under the 
same conditions as those of Example 4. 

15 The results are presented in Figure 9, 

which shows the volt ammo grams., recorded at a sweep 
speed of 20 mV/s, for a film of nanoparticles grafted 
by means of the 'reaction illustrated in Figure 2F 
(curve 1), for a film of nanoparticles grafted by means 

20 of the reaction illustrated in Figure 2A (curve 2) and 
for a film of nanoparticles . grafted by means of the 
reaction illustrated in Figure 2G (curve 3) . In this 
case also, the potentials are expressed relative to a 
standard hydrogen electrode (SHE) . 

25 As may be seen in Figure 9, no significant 

electrochemical activity is observed in the case of the 
nanoparticles grafted by means of the reaction 
illustrated in Figure 2F - which is in agreement with 
the results presented in Example 9 - whereas the 

30 nanoparticles grafted by means of the reaction 
illustrated in Figure 2G show markedly higher 
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electrochemical activity than that of the nanoparticles 
grafted by means of the reaction illustrated in 
Figure 2A, which, nevertheless, are already highly 
efficient . 

5 These results thus confirm the importance 

of the choice of the molecules forming the second 
organic coating on the electrochemical properties of 
the nanoparticles and the fact that it is possible, in 
accordance with the invention, to adapt, if so desired, 
10 the catalytic performance of the nanoparticles to a 
desired level, as a function of the use for which they 
are more particularly intended, by modifying the choice 
of molecules of the second organic coating. 

15 Example 11: Influence of a -treatment: in basic medium on 
electrochemical performance of grafted nanoparticles 

The influence of a treatment in basic 
medium on the electrochemical performance of grafted 
nanoparticles is assessed by comparing the 

20 electrochemical activities observed, respectively, in 
basic medium (1M NaOH) and in acidic medium (1M H 2 S0 4 ) 
for LB films of nanoparticles grafted by means of the 
reaction illustrated in Figure 2A, before and after a 
treatment consisting in immersing these films of 

25 nanoparticles for 30 minutes in sodium hydroxide in the 
presence of oxygen. 

The electrochemical activities are 

evaluated by means of cyclic voltammetry tests 
performed on LB films prepared . from the said 

30 nanoparticles as described in Example 4, the tests in 
basic medium being performed under the same conditions 



B 14318.3 SL 



43 



as those of Example 5, while the tests in acidic medium 
are performed under the same conditions as those of 
Example 4 . 

The results are presented in Figure 10, 

5 which shows: 

• curve 1: the voltammogram obtained in basic 
medium for a film of nanoparticles before immersion for 
30 minutes in sodium hydroxide, 

• curve 2: the voltammogram obtained in basic 
10 medium for a film of nanoparticles after immersion for 

30 minutes in sodium hydroxide, 

• curve 3: the voltammogram obtained in acidic 
medium for a film of nanoparticles before immersion for 
30 minutes in sodium hydroxide, and 

15 • curve 4: the voltammogram obtained in acidic 

medium for a film of nanoparticles after immersion for 
30 minutes in sodium hydroxide, 

all these yoltammograms being recorded at a sweep speed 
of 20 mV/s. 

20 This figure shows that a pretreatment in 

basic medium of the grafted nanoparticles, for instance 
immersion in a bath of sodium hydroxide, has the effect 
of very significantly increasing their electrochemical 
activity not only in basic medium, but also in acidic 

25 medium in which this increase is even more pronounced. 

It results therefrom that such a treatment 
may be used advantageously to improve, if so desired, 
the catalytic properties of grafted nanoparticles that 
are immediately active in acidic medium, but whose 

30 catalytic performance does not appear to be 
spontaneously optimal in this medium. 
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